Nonlinear vibration of axially moving steel strip with tension near the air knife box during continuous hot-dip galvanizing process is investigated. A model of strip vibration for cooling section is established. Governing equations of the model are derived through the Hamilton's principle. Effect of speed, tension, molten zinc, oscillation of touch rolls and nonlinear wind load on strip vibration is considered. The reasonability of boundary conditions of the model is confirmed by comparison of results from theoretical method and numerical simulation. Averaging method is employed in solving the equations and obtaining displacement response. The relation between amplitude near the air knife and production parameters is studied and further solutions of vibration control is presented. The research reveals that speed of strip has noticeable effect on amplitude near the air knife. It will be more difficult to reduce vibration with the increase of speed. Larger tension is in favor of keeping away from peaks of amplitude by using speed adjustment. A scheme of vibration control based upon averaging method can meet the requirement of production. A vibration suppression proposal by improving support stiffness of touch rolls is suggested.
Introduction
In a continuous hot-dip galvanizing line the preheated steel strip is passed through a hot zinc tank for zinc coating and is then pulled up vertically (Fig. 1) . In order to achieve the target coating weight, a pair of gas-wiping jets are generally used to remove the excess liquid zinc from both surfaces of the strip during its withdrawal from the zinc pot. Vibration of the strip between the nozzles leads to nonuniformity in the coating due to the resulting air pressure variations. The non-uniformity on different surfaces and across surfaces causes serious problems of surface quality. Vibration depression of steel strip near air knives will highly improve the uniformity of the zinc deposit on the strip surfaces and reduce the zinc consumption. The main purpose of this paper is to develop a reasonable theoretical model of strip vibration and study the analytical relation between production parameters and nonlinear response of the strip near air knives, and finally realize on-line vibration control of steel strip in a continuous hot-dip galvanizing line.
Many sources contribute to vibrations of the strip: axially moving speed, jets excitation from the air knives, rotating components such as touch rolls eccentricity, waves of molten zinc, material non-uniformity, etc. The out-of-plane vibration of a long strip under tension can be quite complex.
Dynamics near the air knives is a multi-field coupling problem involving molten zinc flow, gas wiping and oscillation of the strip. The dynamics analysis and control for axially moving continuous materials have received a growing attention in recent years. Bruls and Golinval 1) presented the design and the modeling of a control system which can be applied to vibration reduction of a hot-dip galvanizing line. The proposed method is based on formalism of flexible multibody systems using the finite element method (FEM) and do not take the effect of molten zinc into account. Yang, Hong and Matsuno 2) investigated an axially moving string which was divided into two spans by a transverse force actuator. Schemes with an implementable controller were proposed to suppress the lateral vibrations. The loss of stability of axially moving plates was investigated by Banichuk et al. 3) in a two-dimensional formulation, taking into account their bending resistance and in-plane tension. Hatami et al. 4) presented an exact finite strip model for the free vibration analysis of axially moving viscoelastic plates. Tan and 5) developed an active vibration control scheme based on wave cancellation for an axially moving string with general boundary conditions. Riedel and Tan 6) studied the coupled, forced response of a nonlinear, axially moving strip with a 3:1 internal resonance between the first two transverse modes. Results revealed that the speed has a quantitative as well as qualitative effect on each mode. The concept that the total power can be dissolved into the true power and the component associated with the moving medium only was employed by KWON and IH 7) in the calculation of transverse vibrational power flow through belt-pulley systems that include a tensioner. Wang and Ni's research 8) showed that an axially moving beam in fluid appears buckling-type instability when the moving speed exceeds a critical value. Chen et al. 9) illustrated that the multidimensional Lindstedt-Poincare method is more straightforward and efficient than other perturbation methods. Hong et al. 10) investigated a boundary control law for the axially moving steel strip in a zinc galvanizing line. The boundary control law was derived in a way that the total energy of the strip dissipates exponentially. The method of multiple scales was adopted to study non-linear vibrations of an axially moving beam by Öz et al.
11) The influence of averaged tension and axial speed was analyzed. Sang et al. 12) established a 1/5-scale model with water to investigate the flow fields inside the molten zinc pot, especially around the stabilizing rolls.
The main contents of this paper are to implement nonlinear vibration analysis of steel strip near the air knives. This manuscript is organized as follows. In section 2, a vibration model of the strip in the cooling section of a galvanizing line is established. The governing equation of the model is derived by using Hamilton's principle. Effect of axial speed, tension, molten zinc, oscillation of touch rolls and nonlinear wind load on strip vibration is considered. In section 3, inherent properties of the vibrating strip are investigated by using theoretical method and numerical simulation to confirm the rationality of boundary conditions of the model. Based on averaging method, theoretical analysis is developed in section 4 and transverse displacement response of the strip is obtained in section 5. The relation between amplitude near the air knife and production parameters is investigated and a basic framework of vibration control is given in section 6, followed by conclusions in section 7.
Modeling of Strip
The steel strip between touch rolls and stabilizing rolls is studied. Figure 2 shows an axially moving strip of uniform density ρ and under tension Nx, traveling at a velocity of V between two simple supported boundaries separated by a distance L. The strip is excited transversely by air-knife force f(x, w) close to the stabilizing rolls. Aerodynamic force on a surface of the strip is not equal to aerodynamic force on another surface due to strip vibration between two nozzles. The force f(x, w) is calculated by difference between aerodynamic forces on two surfaces of the strip.
Considering support motion caused by severe abrasion between bushings and axle sleeves, a periodic excitation w1(t) at above boundary due to the eccentricity of the touch rolls is given as (1) where e is the amplitude and can be obtained from abrasion loss of spindle nose. The touch rolls synchronize their speed of revolution with translational speed of the steel belt. So the rotating speed ω of the touch rolls can be calculated from the axial velocity V of the strip. Figure 3 provides FFT spectrum of field test data. The data are amplitude measurements near the nozzles for a typical hot-dip pure Zn galvanized strip in a really continuous hot-dip galvanizing line. Figure 4 shows an eddy current displacement sensor with a ceramic probe for non-contact high temperature measurement. This sensor is used in field tests in terms of requirements of continuous manufacturing and environmental temperature. As illustrated in Fig. 3 w t e t 1 ( ) sin( ) = ω diverse specifications exclude excitations of the sink roll and indicate week influence of the stabilizing rolls on the strip. Based on the field test results, support motion of the touch roll is introduced to the vibration model. A steel strip between touch rolls and stabilizing rolls is tens of meters long and much longer than the part immersed in molten zinc. Accordingly, the effect of coupling between the steel strip and liquid zinc is negligible and the influence of molten zinc on strip vibration is taken into account by means of a damper in the right position (see Fig. 2 ).
Considering a cell of the strip under tension Nx, as shown in 
Boundary Conditions
In order to confirm the validity of substituting simple support for touch rolls and stabilizing rolls in the model of the vibrating strip, inherent properties of the vibrating strip are investigated by using theoretical methods as well as numerical simulations.
Theoretical Method
The homogeneous Eq. (5) neglecting damping is considered and given as .... (8) Note that in Eq. (8), the first term in brackets represents the local acceleration component, the second term represents the Coriolis acceleration component, and the last term represents the centripetal acceleration component. The Coriolis acceleration component is negligible on account of little influence on natural frequencies 14) and Eq. (8) The general solution of Eq. (9) can be defined as 15) ......... (10) where m denotes the number of longitudinal half-wave. The substitution of Eq. (10) into Eq. (9) 
The solution of the ordinary differential Eq. (11) is 15) ...... (12) where , Based on Eqs. (10) and (12), the displacement function can be expressed as ...... (13) the solution above satisfies the following boundary conditions ... (14) where My and Vy denote bending moment and shear force, respectively. Substituting Eq. (13) Table 1 . From this table it is seen that the axial speed has little effect on the fundamental frequency. Studies on other frequencies of the strip draw the same conclusion. Accordingly, axially moving speed can be neglected in the calculation of free vibration frequencies.
Numerical Simulation
In this section, the effectiveness of the proposed theoretical solutions is verified by numerical simulations using the finite element method (FEM). The dimensions and properties of the strip are the same as mentioned above. The strip being analyzed with ABAQUS, 17) a standard finite-element software, is depicted in Fig. 6 . The panorama as well as magnified views of parts is shown and the first three modes of the strip are illustrated in this figure. A strip and rollers are created using shell and analytical rigid body features, respectively. Considering synchronous movements between the strip and rollers, frictionless and hard contact are defined as normal and tangential behavior between them. The LANCZOS 18) method is employed to obtain natural frequencies and modes of the strip, taking account of geometric nonlinearity, tension and traveling speed.
The first five natural frequencies for the strip acquired from theoretical and numerical methods are tabulated in Table 2 . The comparison of results from two different methods shows that it is reasonable to substitute simple support for touch rolls and stabilizing rolls in the strip vibration model. Furthermore, a conclusion of the numerical simulations is agreement with one of the theoretical results, namely that axial speed has little effect on natural frequencies in the range of working speed.
Analytical Solutions
Averaging method 19) is introduced for solving the Eq. (7) 28) where " " denote the generalized function to be averaged and T is the period of vibration. Taking and in Eq. (27) as generalized functions and using Eq. (28) give ........................................ (29) where Bi(i=1,2,···,5) are appropriate coefficients.
Vibrations of the nonlinear system subjected to periodic excitation are periodic motions related to exciting frequency. Resonance will occur when a specific relationship between the exciting frequency and a certain natural frequency of the system is satisfied. Based on the integral principle of averaging method, the term which is an explicit function of time τ in Eq. (29) should become zero by applying averaging method. In the case of k1=1, resonance appears in the system and Eq. (29) Equation (32) is known as the amplitude-frequency characteristic equation.
Response of the Strip
As mentioned in the previous sections, a series of calculations such as , and x1=a1cosφ1 are implemented on q1(t). So q1(t) is finally converted to a1 and can be expressed as follows 
Vibration Control
Vibration reduction of the strip near the nozzles is very effective to improve surface quality of steel sheet in the continuous hot-dip galvanizing line. The operating objective is how to adjust production parameters so as to decrease strip vibration when surface quality is substandard or increase productivity (i.e. increase of speed) with the guarantee of surface quality. The final goal is to realize online control of surface quality. Axial speed and tension are selected as main parameters to carry out online control of surface quality in that they have strong effect on strip vibration and can be regulated independently within a certain range. Figure 8 presents the variations of amplitudes near air knives with axially moving speed of the strip when the tensions are 10, 30, 50 MPa respectively. Other dimensions and properties of the strip are the same as stated above (the following is the same). As can be seen from this figure, the amplitude near air knives appears to be increased gradually with increasing speed under the same tension. This conclusion is identical with the experience of production line operators, that is, drop in speed is the most effective way to solve problems on vibration ripple. Nevertheless, slowdown is not the best solution to vibration ripple due to reduction of productivity. It is also noted in Fig. 8 that interval between spikes tends to be shorter under low tension. That is to say, it will be more difficult to keep away from peak value of amplitude in the case of lower tension. Figure 9 shows the relationship between amplitude near air knives and tension, when the steel strip is at the speed of 30 100 180 m/min respectively. As illustrated in this figure, the peak value of amplitude varies little with tension at the same speed. However, interval between spikes tends to be longer with the increasing of tension and shorter at high speed. This means that the increase of speed will make it harder to decrease amplitude with tension adjustment. Speed-amplitude curves for different damping (c0=0.768,50 N·s/m 3 ) are analyzed further and plotted in Fig. 10 . The damping factor c0=0.768 N·s/m 3 which is mentioned previously is the estimated value obtained from calculations on drag resistance of flow past a normal flat plate. As shown in this figure, the two curves are almost superposed on each other. So it is concluded that damping has little effect on amplitude because the strip between touch rolls and stabilizing rolls is much longer than the part immersed in liquid zinc. Accordingly, the effect of molten zinc can be negligible in research on vibrations of the strip.
In fact, axial speed and tension are not completely free parameters. They are constrained to vary between 70% and 130% of the set value due to the limits of continuous production and technology. The aim of vibration suppression near the air knives is to decrease amplitude and try not to speed down the steel strip simultaneously. During the operation of parameters adjustment, the increase of speed is considered firstly on account of productivity enhancement. Figure 11 puts forward a basic framework for on-line vibration control system of steel strip in the continuous hot-dip galvanizing line. Based on this framework and technologies of real-time surface quality inspection, an on-line control system of strip surface quality for a continuous hot-dip galvanizing line can be developed. Real-time inspection and information feedback of surface quality is an important part of online surface quality control system. There are two methods to monitor the quality of the strip surface: X-ray is used to measure whether the zinc coating thickness meets user needs and the system of intelligent evaluation and illation based on image processing technology is employed to detect surface defects such as coating clouds, etc. [20] [21] [22] An adjustment of production parameters with real-time feedback of surface quality inspection is performed to implement online vibration control of the strip. Figure 12 provides a comparison of surface quality before and after using control system in a continuous hot-dip galvanizing line. As shown in this figure, vibration ripples on the surface of steel strip disappear after production parameters adjustment by using the control system.
Conclusions
In this paper, a nonlinear vibration model of axially moving steel strip for cooling section in a continuous hot-dip galvanizing line is established. Averaging method is used to obtain displacement response of the system. The influence of variable production parameters on amplitude near the air knife is studied. The following findings are concluded.
(1) The identical results obtained from theoretical analysis and numerical simulation prove the validity of substituting simple support for touch rolls and stabilizing rolls in the vibration model. In the range of working speed, axially moving velocity of the strip has little effect on natural frequencies but strong effect on amplitude near the air knives.
Slowdown is the most effective way to solve problems on vibration ripple but not the best solution due to reduction of productivity. The increase of tension is in favor of the drop in amplitude by using speed adjustment.
(2) The peak value of amplitude varies little with tension at the same speed. However, interval between spikes tends to be shorter at high speed. That is to say, at high speed, it will be more difficult to decrease amplitude with tension adjustment.
(3) The effect of molten zinc can be negligible in research on vibrations of the strip because the strip between touch rolls and stabilizing rolls is much longer than the part immersed in liquid zinc.
(4) The field test results reveal that excitations of touch rolls are main vibration sources of steel strip. To some extent, support stiffness enhancement of touch rolls is helpful to amplitude reduction of the strip near the air knives.
(5) Although the derivation process is complicated, the averaging method can get analytical expressions of response and has the advantage of speediness and easiness of programming. Based on this method and technologies of realtime surface quality inspection, an on-line control system of strip surface quality for a continuous hot-dip galvanizing line can be developed. A comparison of surface quality before and after using control system.
